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Abstract

This paper describes an algorithm and a FORTRAN subprogram, CHAIN,

for simulating the behavior of an (n+1)

variance reducing technique called rotation sampling. The simulation of

k microreplications is carried out in parallel at a mean cost’s 0(1n k)

state Markov chain using a

and with variances of sample quantities of interest -3,0((1n k}?/k?) .
>

The program allows for independent macroreplications, each of k micro-

replications, in order to facilitate estimation of the variances of sample

quantities of interest.

The paper describes theoretical results that

underlie the algorithm and program in Section 1 and presents applications

of interest for first passage time and steady-state distributions in

Section 2. Section 3 describes the algorithm and CHAIN and an example

in Section 4 illustrates how CHAIN works in practice. Section 5 describes

the options available for restarting the simulation.
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Introduction

A recent paper (Fishman 1981) describes how one can use rotation
sampling, a special case of the antithetic variate method, to induce
substantial variance reduction in the simulation of a finite state
Markov chain. Since many discrete event simulations have an underlying
Markov structure or one close to being Markov, this variance reducing
proposal has clear appeal. Moreover, for large and possible il1l-
conditioned transition matrices, one may prefer the Monte Carlo or
simulation method with appropriate variance reducing plans to numerical
analysis when solving for steady-state and first passage time distribu-
tions. In fact, it may be the only feasible method for some problems.

This earlier work derives its cost-saving potential from viewing
thé simulation of k tours in series of a finite (n+l1) state posi-
tive recurrent aperiodic Markov chain as equivalent to the simulation
of k replications of the Markov chain in parallel. Although the
marginal distributions that arise with the two alternative formulations
are necessarily the same for corresponding variables, the parallel
formulation alllows one to induce joint distributions across replications
that lead to a significant cost saving. The induced joint distributions
follow from the use of rotation sampling, as described in detail in
Fishman and Huang (1980). The cost saving arises in two ways. Firstly,
for fixed n , run time in the correlated case is O0(In k) in contrast

to 0(k) for the serial simulation. Secondly, for fixed n the




variance of an estimator of interest has an upper bound O((In k/k)?)
for the correlated case compared to 0(1/k) for the serial case.

The present paper describes an algorithm for implementing the
essential steps for k parallel simulations with correlation along
individual sample paths induced by rotation sampling. The paper also
describes a FORTRAN program, called CHAIN, that one can use to perform
the simulation. In particular, CHAIN runs I independent macroreplications
each of K correlated parallel microreplications and computes point esti-
mates of interest and sample variances of these point estimates.

Section 1 introduces the Markov chain rotation and describes the
results on variance reduction derived in Fishman (1981a) for finite state
chains. For completeness it also presents results in Fishman (1981b) for
infinite state chains. Section 2 describes several potential uses of
CHAIN. These include first passage time distributions and steady-state
probabilities for semi-Markov processes. Section 3 presents Procedure MC
which contains the essential steps in carrying out parallel simulation
based on rotation sampling. It also describes the FORTRAN CHAIN sub-
program in detail. Section 4 describes an example of how CHAIN can be
used in practice. The example is of the discrete time Markov chain that

corresponds to the M/M/1 queueing problem with finite capacity n .

1. Definitions and Previous Results

Consider a positive recurrent aperiodic Markov chain with state

space S = (0,1,2,...,n) and transition probabilities {pij‘ 1,§20,1,...,n}




where there exists a positive integer & < (n-1)/2 such that

nij = 0 for | i-j | > &

and (1) ]
it ' E

Copss =1 . X

j=max(0,i-8) "9

It is convenient to describe an alternative, but equivalent, representation

PRy

to (1) whose value is apnarent when actually generating sample paths by
simulation on a computer. Let sj denote the total number of states that

have positive transition probabilities from state j and let

{mjr; r= 1,....sj} denote the ordered sequence (mjr <My T 1,...,8. - 1)

. J
of the sj states to wihich entry can occur from state j . Then one has the

representation
P: > C r=1,...,%
jm;,. j
Zsj !
D, =
r=1 Myp

0.1,...

.
L]

6 = max (|myy - §1,] mjsj -3




Suppose one wants to use Simulation to study the behavior of the
chain during a time period that begins with exit from state a and ﬁ
ends with entry to state b e S. Consider k replications of the simu-

i
lation experiment run in parallel. Let K, denote the number of

ijg

[}
replications that move from i to j on transition 2 and let sz

be the number of replications in state j at the end of transition 2.7 Let

[
UsUy5...50,"  be from w(0D,1) where K., >0 1is given. Then for ,{
1 sz JL :
[
parallel replications one can represent ijjr2+] as
KI
K, ) * (U )
R TS B LT B (2)
where
G5g = 0
Zw 1 3=0,1
q. = P. w=l,...,8:3 3=0,1,...
Jw r=1 ijr J
and
I[U,V)(x) = Uusxsx<y
=0 otherwise.

To ensure that each replication begins with an exit from state a

and ends with the first entry into state b , one replaces

the original {pbj; j=l,...,sb} by Ppp = ! and sets pbmb =0 for
r

*The prime superscript is used here for consistency with the notation in
Fishman (1981a, 1981b). However, without loss of generality, we take the
inftial state here as a and the final state as b whereas in the earlier
work the initial and final states were 0 and a respectively. This relabel-

ing of initial and final states makes the generality of the approach more
apparent to the reader.
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f r= 1,....sb and r=b . If b=a, these modifications are made after
: the first transition. ;
If one uses the rotation sampling plan
‘ m-1 -1 i
: U =U+ —— 0sU<) - =
! K :
hY it ,
=u+ Moy 1-%l oy, 1
Kie D)
then the results in Fishman (1981a,b) apply. In particular,
var K;jls 0(1) (4)

1
and for Sb =S - b, the sample number of transitions from i to J ~
is | . ‘

[ - > !
o™ L o
f and the sample mean reward is
’ 1 *° '
R, = v I I A K (5b)
S 1 B PO PR L
i Then one has
var R;jk < 0((1n k)2) (5¢)
and, if lAijl < 0(1) ,
k? var R"‘ < 0(62(In k)*) as n +w (5d)
i
| k? var R; < 0((ns 1n k)?) n<o,




Here we speak of {Aij) as the reward function. Finally, the number of

steps to total absorption

T, = min(t: K= k)
has

E T, = 0(In k)
and (6)

var TL < 0((In K)?) .

Note that the sampling scheme (3), when used in (2), preserves the ]
identical and correct probahility laws along the sample paths of each of
[
the k replications. An equivalent expression for ij 41 0 which
ir

leads to a computational saving, is:

—_ _
ij].rS‘,H AU I L 1[5 K] )(Kjﬁu) PosQ
‘ (N
<1 1-1P I I g )(K;gu) P> 1
where ,
P Ky Ye-te
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and X = x - Lx) . Here the cost of sampling the transitions from state
j based on (7), and using the inverse transform method, is
G(sj) 3 0(254 + 1) and independent of k whereas sampling cost based on
(2) is at best O0(k) .

Let S; denote the cost of simulating (1) using (3) in (7). For a
countably infinite state space, no more than (25 + 1)2 transient states

are occupied prior to transition 4+1 and, therefore, no more than

% (25 + 1)(22 + 2)/2 sampling events occur through transition £ . Since

each (i,j) transition has cost 0(25 + 1) , one has S; < 0((6T;)2) so that f

C s; < 0((6 In K)?2) . (8a) :

For the finite state casc

3 S; s0(néln k) . (8b)

These results compare favorably with the case of independent repli-

cations taken in series where Rijk and Rk » the sample number of transi-

tions from i to J and the sample mean reward, respectively, have

o e s el

var Ry g = 0(k) and k var R = 0(1) . Moreover, for simulation cost Sy »
one has 0{(k) < E Sk < 0(6k) . The lower bound arises when n is small
enough to allow storage of all distributions and their aliases required by

the alias method (Walker 1977) to determine the entered state from each

existing state at each transition. The upper bound arises from use of the

inverse transform method to determine the paths. See Fishman (1981b) for

a more detailed discussion of this cost.

!




It is also noteworthy that the desirability of k parallel replica-

tions with rotation sampling relative to a simulation of k independent
replications in series continues to hold when {Aij} is not bounded, pro-

vided that var(A ) €

[ [}
i3 %301 K

2. Potential Uses

This section describes three uses to which the previously described

rotation sampling plan can be put with regard to estimation.
Firet Passage Times

Let

h2 probability of moving from state a to state b for the
first time in exactly 2 steps 5

and (9)
£
H, = ) h,i = probability of moving from state a to state
i=1
b for the first time in no more than £ steps.

As estimators of h, and H2 one has, respectively,

£
S Coll
he =% L. . Kipe =% (Kpg = Kp, g1 Kpo = O
JeSb
and (10)
N L =1,2
Bk B Tges, I

’

Let Skz denote the cost of simulating (1) up to and including step

using the rotation sampling plan (3) with (7). Theorem 1 gives several

~ '
relevant properties for hz ’ Hz and Skz .




Theorem 1. For a sinulation of k parallel replications of (1) using

(3) and (7) one has:

(i) E hl = hﬁ

(ii) E HQ = HQ

(iii1)  var hl < 0(fe/k)2) .
(iv) var gg 2 0((sa/k)?) .

!

(v) E SkQ < 0((s¢)2) .

Proof. Since the correct probability law continues to prevail on sample

paths for each replication, one has E K}bﬁ = Kk h2 so that (i) and (ii)

follow immediately. Since var K;b9 < 0(1) and no more than 2§ states

can transit to state b , it is clear that

[

jesy Kiba) % 00F0)

var()

and that (iii) holds. Since there are exactly ¢ steps to consider,

A

(iv) follows immediatelv. Here H is a special case of (5b) with

A., =1 ieS = N otherwise. Since exactly ¢ steps occur

ib and Ai

b J

no more than (26 + 1)(22 + )/2 trials are necessary each with cost 0(8) .

Therefore, (v) obtains.

If one were to perform k independent replications in series, then
A A
var h2 = 0(1/k) , var Hﬂ = 0(z?/k) and E S 2 0(k) , emphasizing the

benefit of rotation sampling plan (3) and the conciseness of (7).




Steady-State Distribution

Let

Py = probability of being in state j at an arbitrarily selected
time j = 0,1,...,n .

As an estimator of p; one has

Pj = 654/6y (1)
i
where ]
1 ® n [} .
. - . = ,1’0...
GJk X th] Zi=OK13t j=0 n
and (12)
Xn
G G.
k §=0 jk

Since pj is a ratio estimator it has bias

a G -
E(pj i Pj) . p; va: k cov(GJk Gk) (13)
E Gk E ij N Gk
and variance -
R var G 2 cov(G,, ,G,) var G
var pj 2 p; - k _ ik’ 7k + - Jk (14)
E Gk E ij 3 Gk E ij ]




From the results of Section 1, one has
var ij s 0((8 In k/k)?) and var Gk < 0((n 1n k/k)?)

so that both bias and variance benefit from rotation sampling.
Steady-State Probabilities for a Semi-Markov Process

The results presented so far relate directly to a Markov chain.
However, their extension to semi-Markov processes is relatively direct
for the steady-state probabilities. Let M5 denote the mean time spent
in state i prior to transiting to state j . For the steady-state prob-

abilities, one now has the estimators

~ ! ’ ' s
pj = ij/Gk J=0,...,n
where
[ - g zn !
3k " Py “img 13 THE
and
n
G =] 6
k “yu0 %

Then Bj has approximate bias and variance as in (13) and (14), respectively,

’ [
with ij replacing GJk and Gk replacing Gk .
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3. Implementation

Procedure MC decribes an algorithm that one can use to encode the
essential steps for simulating k replications in parallel with ini-
tial state a and absorbing state b . In practice, one will want
to embellish this procedure to allow for multiple reward functions and
multiple independent macroreplications. The latter enable one to esti-
mate variances and covariances of interest.

Figure 1 lists a FORTRAN subprogram called CHAIN that enables one
to simulate an (N + 1) state Markov chain with state space on the inte-
gers 0,1,...,N using the parallel rotation sampling plan (7) for the
purpose of computing sample mean rewards RPRIME(1),...,RPRIME(L) for L
reward matrices stored in array A(:) . Each of I independent macrorepli-
eations begins with a departure of K correlated miecroreplications from
state INITAL and ends with the absorption of all K microreplications in
state ABSORB. The purpose of the macroreplications is to facilitate the
estimation of the covariance matrix of the L sample mean reward functions.
Also, CHAIN estimates the first passage time distribution from INITAL to
ABSORB.

. eewmal T

Insert Fig. 1 about here.




Procedure MC

Given: a, b, k, n, {si; i=0,...,0n} {mir: r=1.....si; i=0,...,n} ,

3.

o

10.
1.
12.
13.
14.
15,
16.
17.
18.
19.

W N O !

{p, :r=l, ..., 1=0,.
1'mir s 33

i «a,
R « 0.
K; « k.
For i=0,...,Nn

For r=1,....s1

!

q - p

i, My g=1 |
*

Ki «<0.
Go to 8.
i«0.
If i=b or K; =0 go to 23.
r«l.
Sample U from u(0,1).
P* « 0.
P«0.

Q<K q .
i i’mir

,mil .

..,n} and {Aim H r-I.....si,i = 0,...,0} .

ir

Initialize.

(Skip if state is absorbing or empty.)

Rotation Sampling

Q* «101J.
7+0-0".

X«Q*-P + ;- [sign (U-P) + sign (Q-0)] .

K;if‘ *ir+ X. (X microreplications move from i to mgp .)
R « R' + X Ay (Compute reward.)

« . e

P" « Q" .
F ‘. U.

|'.I I . o l‘m . —— e
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20. If {=b, Ky« 0. (Incase a=b,)
21, rer+ 1,

22. If rxs, gotolz

23. i+ +1.

24, 1f ign gotol.

25. i+« 0.
26. If i=p go to 33.
27. re 1,

28. If m,_ =b, K '« K + K; and go to 30.

b b

! (Move to transient states.)

29. K « K*
Mir M

30. K + 0.

3. r«<r+1.

2. If r

in

s; 90 to 28. (Are al) moves from
33. i«i+d.

3. If i<n go to 26.
35. If Ké <k go to 6. (Are all absorbed?)

36. R'« R'/k and deliver R’ .

(Arrange for absorptions.)

i completed?)
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Figure 2 contains a partitioned 1ist of the input to CHAIN. Figure
2a displays all arrays and variables for which an initial numerical assign-
ment is necessary at the time at which CHAIN is called. Figure 2b con-

tains all interim working arrays and Fig. 2c lists all output arrays.

Insert Fig. 2 about here.

Note that the arrays A, M and P are one-dimensional in the subprogram

whereas their counterparts {Aij} s {mij} and {pij} are doubly subscripted

in Section 1. This reduction leads to a considerable space saving, especially

when {Aij} {mij} and {pij} are sparse and N is large. In terms of
storage space, CHAIN requires O(4(ALL(L+4) + 2L(L+3) + 4NP + SIZE + 8TT))
bytes for the arrays listed in Fig. 2. Also, CHAIN has an upper bound

on mean execution time of O(ALLx Ix L x In K) .

CHAIN uses the GGUBS random number generator in IMSL (1977) with SEED
as the seed or initial random number and returns SIZE uniform deviates on
each call of the generator. By choosing the blocking factor SIZE to be
large one reduces the frequency of calling GGUBS, thus reducing CPU time.
However, the space requirement for the uniform deviates is 4*SIZE bytes.

On a computer with limited space, one may select a small SIZE to accomodate
the space constraint. More generally, an alternative random number genera-
tor can be substituted by GGUBS with little effort.

The input OLD also calls for explanation. After running CHAIN for,
say I1 independent macroreplications each of K correlated microreplica-
tions, a user may find that the accuracy of the sample mean rewards is

too low for intended purposes. By setting OLD = I1 on a second run,
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choosing a new I > OLD , using the original K and restoring XBAR(*)
and COV(*,*) in the driver program, one can merge the sample output
from the first OLD macroreplications with that from the subsequent

I - OLD new macroreplications to produce a summary tableau. When this is
done, the resulting sample first passage time distribution is based on

the last I - OLD macroreplications only.

Macroreplication versus Microreplication

As Section 1 shows, rotation sampling applied to K parallel micro-
replications produces a covariance matrix whose convergence rate has an
upper bound O((1n K)2/K?) on a single macroreplication. Since a method
is not yet available for estimating this covariance matrix from a single
macroreplication, CHAIN resorts to running I independent macroreplica-
tions for the purpose of estimating the covariance matrix of the L
sample reward functions. Therefore, the covariance matrix has a con-
vergence rate bounded by O((1n K)2 /IX?) and a run time of O(I 1n K)
for fixed ALL and L . Clearly one wants a K substantially larger than
I . In the example to be described next K = 2'7 and I = 2°, but other

compromises are equally reasonable.

4. An Example

To illustrate how the CHAIN subprogram works in practice, consider
the Markov chain associated with the M/M/1 queueing problem with finite

capacity n . In particular, the state of the chain denotes the number
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of customers in the system. In this queueing problem interarrival times
are i.i.d. from the exponential distribution with rate ), service times
are i.i.d. from the exponential distribution with rate w > X and there

is a single server. For the corresponding Markov chain these specifica-

tions imply

Por = |
Pi,i-1 " e 1=ts..com
Py iv] = Tap i=1,...,n-1
Paon © %

with all other transition probabilities being zero.

As objectives consider the estimation of

w, = mean number in system.

w2 = probability of one customer in the system.

w3 = probability of two customers in the system.

w4 = first passage time probability mass function for the Markov
chain from the empty and idle state back to that state.

Ns = distribution function associated with W -

Let {Aij(z)} denote reward matrix £ and Ré(z) denote sample mean
reward function 2 based on using {Aij(z)} in (5b). Then one estimates

N], wz and w3 by
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~

w] = R (1)/R;(2)
W, = ROIR(2)
Wy = Ry (4)/R(2)

where

+1

jo1(1) = ;—,,,; 20,...,n-1
i,i 'I“) ';—;[1 i=1,...,0
ha * 25

Aol =5

A 112 = 3im §20,...,n-1
Ai, 11(2)=7‘]Tm- T25..000

A @) = 3

Aof3) = 50

Apt3) = 33

Ant4) = 555

Ap3(4) = vig

For H4 and ws we use the estimators in (10). These are computed

automatically by CHAIN.

Figure 3 shows a driver program designed to initialize all relevant

U PR




parameters and call CHAIN for this problem. Here LAM and W

correspond to A and w

Insert Fig. 3 about here.

respectively. As input we set

LAM = 0.9
W=1.0
N =49
INITAL = 0
ABSORB = 0
3
1=2 =8
17
K=2 =131072
L=24
SEED = 1234567
SIZE = 40000
TT = 50 .

Figure 4 shows the output of CHAIN for this problem. The ratio

estimators H], Hz and H3 together with their biases and variances can

f Insert Fig. 4 about here.




be computed by hand or by a subsequent subroutine that uses XBAR and

COV as input together with the formulae

E(Y ﬂ) 2 EY [Var X coviX,Y ]

TEX YETX T OTEXCEY

and

2

We have chosen to do them by hand. They are

ﬁ1 - 8.7396 ﬁz = .0905 ﬁ3 = .0814
~ . - ~ . -7 ~ - -7
E(W,-W;) = -.1037 x 10 " E(Wy-W,) * .4304 x 107 E(Wy-H,) = .3735 x 10
var ﬁ] S .2686 x 10°°  var ﬁz Z.3780 x 10°°  var ﬁ3  .2936 x 10°°
From Gross and Harris (1974, Sec. 2.5) one has
W, = 8.7410 W, = .0905 Wy = 0814,

which confirm the performance of CHAIN,
A1l computing was performed on an IBM 370/155 computer. For
FORTRAN G (level 21), the CHAIN Program requires 8592 bytes of space.

For FORTRAN H (level 21.8) it requires 7380 bytes.
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5. Restarting the Simulation

Situations will occur in which a user of CHAIN does not have a good
a priori estimate of the running time or the statistical reliability
to be expected from a specified set of I] macroreplications each of K] !
microreplications. At least two alternatives exist for dealing with this
case. A user may make a preliminary run and determine that I2 additional
macroreplications, each of K2 = K] microreplications, are necessary to ]

achieve the desired accuracy within budget. CHAIN is designed to accommodate

this alternative and, provided that the sample means and covariances accumu-
"lated on the first I] macroreplications are restored prior to collecting the
additional 12 macroreplications, the routine prints the global sample
means and covariances at the end of all I] + 12 macroreplications.

The second alternative arises when on the basis of the first run a
user determines that I2 macroreplications each of K2 ® K] microrepli-
cations is the most desirable way of achieving the desired accuracy. Here
the restoration feature of CHAIN does not apply. Let z' and I be the
sample mean vector and sample covariance matrix of X' obtained on the
first rdn with I, and K, . Let Z’ and Q denote the corresponding
quantities on the second run with 12 and K2 . Then the overall sample

mean vector is

= 1 -
I=1+T7 (1, X+1,V)
and its sample covariance matrix is

P R (1; T+ I; Q) .
T+ 1)
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Although the computation of Z’ and I' are not features of CHAIN

one can easily add them if desired. However, as in the case of the 1

ratio estimators in Section 4, the relative importance of this feature

will differ from user to user.
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C

SUBROUTINE CuAlN(K,OLD,I1,NP,XINITAL,ABSORB,S,H,SUNS,ALL,P,

1
2

KPRIME,NSTAB,Q,L,ASI2E, A ,RPRINK, XBAR,COY,COEPY,
Tr,PRBAR,FRVAR,CUNBAR,CUNVAR,SRED,SIZE,V)
RKOGRAN FOR SIMULATION OF MARKOV CHAIN WITH M4l STATES

¢ ®%¢ USING ROTATION SABPLING.

r.r.nr,nnnnnnnnnnnn'nchnnnnnnr,nnnr:hnnnn

1
2
3

1
4

(X 1)
st
s
[ X 1]
*8es
.o
LY 1]
(X 2]
*0
[ 1 1]
(X 1]
L X 1]
a0
a0
s0e
LY 12

INTEGER NP,ABSORB,ALL,B,COUNT, I, INITAL,ISEED,XT,J KPRINE(NP),
KSTAR (NP) ,L,LA,LI,LIJ,K,LL, LB, R, 8 (ALL),N,0OLD,OREGA,X,
PSTAR,QSTAR,ONEGA,SEED,SIZE,S (NP) ,SJ,5K,SS,SUAS(NP) , 1T,
ASIZE

REAL®e A (ASIZE) ,PRCV,CUNCY,VY(S512E)

REAL®*8 C,CC,CUEPF(L),COV(L,L),P(ALL),PP,PBAR,Q(ALL),QQ,QBAR,
APBIME(L) ,RSEED,XBAR(L) ,0,PREQ,CON,FRVAR(TT), FRBAR(TT),
CUMBAER(TT) ,CURVAR (TT) ,FP,FPFVAR,REG

DESCRIPTION OF VARIABLES -

YU = REWARD MATRIX

ABSORB = ABSORBING STATE

ALL = SUM OF S(J) FOR ALL J
ASIZE = SIZE OF A ARRAY

B = TEST VARIABLE

c = ({L1-1)/LI)

cc = ({L1-0LD=-1) /(L1-OLD))
COEF¥ (%) = COEFFICIENTS OF VARIATION
COUNT = UNIFOBW DEVIATE COUNTER
COV(®,®) = COGVARIANCE MATRIX

cun = ACCUMULATION OF FPREQ

CUMBAR (*) = MEAN OF CUM
cuncy = COEPPICLENT OF VARIATION POR CUA
CUMVAK (*)= VARIANCE OF CUNM

sse PF = SANPLE BEAN FOR FIRST PASSAGE

sss PPVAR = SAMPLE VARIANCE FOR FIQST PASSAGE

se¢ FRBAR(®) = MEAN OF FREQ

&% PRCY = COEFPICIENT OF VARIATION FOR FREQ

s¢e FREY = NUMBEE OP NEW TRANSITIONS INTO ABSORBING STATE
es® PRYAR(®*) = VARIANCE OF FREQ

ses | = DESILED NOUMBER OF BACROREPLICATIONS
sse INITAL = INITIAL STATE

sss ISELD = INITIAL SEED

ess IT = TRANSITICN COUNTEER

sss J = INDEX FOR STATES

LA LN 4 £ NUNBER OF PARALLEZL BRICROREPLICATIONS
sese KPRINE(®)= NUNBER IN STATE AT END OF YRANSITION
ess KSTAR(®*) = NEXT KPRIME (*)

ses | = NUMBER OF DESCRIPTORS TO BE BSTINATED
sss L) = LL 4 1

sss LI = INDEX FOR I

sss LIJ = 1 4 OLD

LLA N M) = INDEX FOR STATES

Fig. 1. CHAIN Subroutine
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LL = INDEX POR L 00000600
s = 1NDEX PUE L 00000610
A(®) = STATES THAT CAN BE ENTERED PRON J-1 00600620
¥ = NUNMBER OPF HIGHEST STATE 00000630
[ 1] = MURUER OF STATES (N4V) 00000640
oLD » NUNBER OF MACROREPLICATIONS ALSEADY PERFORMED (OLD<I)} 00000650
JHEGA a TEST VARIABLE 00000660
P(®) = TRANSITION MATRIZ 00000670
er = Q0 PROM TIRE BEFORE 00000680
PBAR = PRACTIONAL PART OF PP 00000690
PSTAR = INTEGER PART OF PP 00000700
Qi*) = FROM P 00000710
go = FhOR y AND K 00000720
WBAR * FRACTIUNAL PART OF QQ 00000730
USTAR = IKTEGES PART OF QQ 00000740
8 = INDEX FOR STATES 00000750
REG = ACCURMULATED FREQ FOE TRAWSITIONS GREATER THAN TT-1 00000760
RPRINE(®)= CUAULATIVE REVARD POR ESTINATORS 00000770
RSEED = RANDON GENLBATOK SEED, REAL VALUED 00000780
SEED = RANDOM GENERATOK SEED 00000790
SI1zE = LbLOCK SI1ZE FOR RANDON NURBER GENERATOR 00000800
s = NUMBER OF STATES THAT CAN BE ENTERED FROM J-1 00000810
sJ = S{J) 00000820
SK = SUNS({J) 000008130
Ss = MIM (NUNBER OF TRANSITIONS, TT) 00000840
SUBS(J) = SUM OF S(V) 1HRU S{J-1), AND SUBS[1)=0 00000850
17 = WMAXINUM KUMBEE OP TRANSITIONS TO LOOK AT 00000860
o 2 CURRENT ONIPORM DEVIATE 00000870
v(®) = UNIPOKM DEVIATE ARRAY 00000880
X = NURBER OF TRANSITIONS IN CUREENT MOVE 00000890
XBAB(®) = MEAN MATRIX 00200900
00000910

INITIALIZE VARIABLES. 00050920
00000930

rr = 0.0D0 00000980
PEVAR = 0.0DO 00000950
ss = 0 00000960
ISEED = SELD 00000970
RSEED = SEED 00000980
COUNT = SIZE 00000990
D0 80 J=1,TT 00001000
FPRVAR(J) = 0.0D0 00001010
FRBAKR{J) = 0.0DO 00001020
CURVAR (J) = 0.0D0 00001030
CUEBAR (J) = 0.0DO 00001040

DO 100 J=1,NP 00001050
sK 2 SUMS(J) 00001060
@{SK+1) = P(5K49) 00001070

AF (S(J5).L1.2) GO TO 100 00001080

sJ = S (J) 00001090

Fig. 1 (Continued)
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DO 90 K=2,SJ 00001100
90 Q(SK4K) = Q(SKtR~1)+P(SK¢R) 00001110
u (SK4SJ) = 1.000000 00001120
100 CONTINUE 00001130
C s¢¢ CLECK LF XBAR AND COV ARE RESTORED. 00001140
IF (0LD.GT.0) GO To 115 00001150
DO 110 Li=1,L 00001160
IBAR (LL) = 0.0D0 00001170
COEPP(LL) = 0.0DO 00001180
DO 110 LN=1,L 00001190
110 COvV(LL,Ln) = 0.0D0 00001200
115 L1J = 1 4 OLD 00001210
DO 118 LL=1,L 00001220
XBAR(LL) = XBAS(LL)*OLD 00001230
DO 118 Ln=1,L 00001240
118 COV (LL,LN) = COV{LL,LH)*OLD 00001250
00001260
¢ ese STABT MAIN LCCP. 00001270
DO 540 Ll=L1J,1 00001280
C ®®e INITIALIZE VARIABLES FOR THIS REPLICATION. 00001290
B =0 00001300
C = (LI-1.0D0) /L1 00001310
CL = (L1-0LD-1.0D0)/(LI~OLD) 00001320
cum = 0.0D0 00001330
REG = v.0DO 000013480
1T =1 00001350
ONEGA = O 00001360
DO 120 LL=19,L 00001370
140 RPRINE(LL) = 0.0D0 00001380
DO 130 J=1,NP 00001390
KSTAR(J) = O 00001400
130 KPRINE(J)= O 00001410
C ®ss STLRT THRIS KEPLICATION WITH ALL BICROREPLICATIONS IN INITIAL STATE00001420
J = INITAL ¢+ 1 00001430
KPRINE(J)= K 00001880
KSTAK(J) = K 0000450
C ®es LUOK AT INITIAL STATE. 00001860
J = INITAL 4 1V 00001470
GO TO 400 00001480
C ee® LOOK AT THE NEAT STATE. 00001490
300 J = J41 00001500
C *es SKIP THE ABSORBING STATE. 00001510
1F (J.Eu-ABSURBET) J = J49 00001520
C ese IF NUNE IN THIS STATE, LOOK AT THE BEXIT STATE. 00001530
400 1F (KPKIME(J).Pu.0} GO TO 300 00001540 .
C ¢%¢ PLND THE NURNBER OF STATES THAT CAN BE ENTERED FRON STATE J-1. 00001550 ‘
$J = S(J) 00001560 ‘
C ®®s START #lTn THE FLARST STATE THAT CAN BE ENTERED PRON STATE J-1. 00001570 }
K = 1 00001580 ,
C ®es POINT TU THE KEXT DEVIATE TO USE. 00001590 ]

Fig. 1 (Continued)
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COUNT = COUNT ¢ 1
C eee GET MEW ARRAY OF DEVIATES IPF NEEDED.
IF (CUUNT.LE.SIZE) GO TO 420
COUNT = 1
C e CALL RANDOM(SEED,V,S1ZE)
CALL GGUBS (RSEED,SIZE,V)
C ®¢e GET THE DEVIATE POINTLED TO BY COUNT.
C &ses TRANSPORH DEVIATE.
420 U = DBLE(ABOD (KPRIAE(J)*V (COUNT), N .))
C WAITE (3,2040) U,V (COUNT)
C ¢os TRANSFER ALL OUT OF THIS STATE POR TRANSITIONS.
KSTAR(J) = KSTAB(J) - KPRIRNE(J)
C oe¢ INITIALIZE QQ, QSTAR, AND QBAR.

[F]¢] = 0.0

GSTAK = 0

UBAR = 0.0
C ses SAVE THE LAST OCCURRENCE OF QQ, QSTAR, AND (BAR.
500 144 = Yy

PSTAR = (STAR
PBAR = CLAB
C ®se CONPUTE NLw VALUES POR Qu, QSTAR, AND QBAR.
Qe = KPRINE (J) ®y{SONS (J) 4R)
OSTAK = 1DINT ((0)
JBAR = DMOD(0Q, 1.0D0)
C ®es PIND THE ¢ CF TEANSITIONS TO THE R-TH STATE THAT CAN BE ENTERED.
C ees PROH J-1.
X = {L STAR-PSTAK)4.5® (DSIGN{1.0D0,0~PBAR) 4
1 DSIGN{1.0D0,QBAR=0))
C ®se ADD THESE TaAKSITIONS TO THE ENTERED STATE OCCUPANCY VECTOR.
KSTAR {R(SONS (J)4K) +1) = KSTAR (N (SURS(I)#R) $1) 4X
C ®es FLIND TéEk MUMNBER CF TRANSITIONS NADE SO PAR POR THIS STATE.
b = D4X
¢ ®ee ACCUMULATE THE REWARDS FOR THLS STATE TRANSITION.
DO 530 LL=1,L
IP (A(ALL® (LL=1) $SURS [J) $R) . £Q0.0.0.0R.X.£Q.0) GO TO 510
RPEIME(LL) = RPKINE (LL)+A (ALL®(LL-1)4SUNS (J) 4B} oX
510 CONTINUE
C ®%® GU TO THE NEXT STATE TWAT CAN BE BEACHED PRON J-1.
& = R4
¢ ®ee 1P NCT ALL TRANSITIONS WERE MADE FOBR THIS STATE, TRY AGAIN.
I¥ (B.LT.KPRIAE(J)) GO TO 500
C ®e¢ ACCUMULATE THE NUMBER OP TRANSITIONS NADE SO PAR POR ALL STATES.
OMEGA = OMEGA4B
C e CLEAR TLE NURBEhR OF TEANSITIONS POk TLE STATE COUNTEE.
B = 0
C ®se [F NUT ALL TRANSITICNS WERE MADE YET, TAY AGAIN.
1F {OBCGA.LT.K-APRLAE (ABSOKB41)) GO TO 300
OMEGA = 0
C ®®® ACCUMULATE Fh3AR, PEVAR, CUMGAR AND CUNVAR.
FREy = KSTAK(ABSORB41)=KPRIAE(ABSORD41)

Fig. 1 (Continued)
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C oee
522

52%
C eee

C see
C oo
C oss

C oo

527
C oo

529

530

C oo

535
C oo

540
C eoe

C ees
( oos

IF (IT.Eg.1) PFREy = KSTAR(ABSORB+Y)
FP = PF 4 1TSFRE)
FFVAR = FFVAR 4 ITee2eFPREL
cun = Cun 4 FREQ
LL = AINO(TT,IT)
1P (IT.LT.TT) GO TO 515
BREé = REv + PFREQ
IP (KSTAR{AbBSOMB41).LT.K) GO TO 522
PREQ = REG
PRBAR(LL) = PRBAR(LL) + FREQ
CURMBAK (LL) = CUMHAR(LL) + CUN
FRVAR(LL) = FRVAR(LL) + PREQe®2
CUMYAR({LL) = CUMVAR(LL) ¢ COnes2
BESET ThE STATE OCCUPANCY VECYOR.

DO 525 LJ=1,MP

KPRINE(LJ) = KSTAR(LJ)

SJ = 5(LJ)

DO 525 §=1,S5J

KPRIME(N (SUAS (LJ) $+R) 4+1) = KSTAR(H(SUAS (LJ) ¢R)+1)
START MEXT TRANSITION IN STATE 0.

J =0
CONPUTE THE MUMBER OF TRANSITIONS MADE SO PFAR.
1T = IT ¢+ ¢

IF NOT ALL ABSORBED, TRY AGAIN.
IF (XKPRINE (ABSOUB4+1).LT.K) GO TO 300
RECURSLVE COHPUTATIONS.
1F (LL.GE.TT) GO TO 529
ACCUMULATE CUMBAR AND CUAVAR POR ¢ OF TRANSITION STEPS > TI-1.
LL = LL 4+ 1
DO 527 Lp=LL,TT
CUNVAR (LR) = CUMVAR(LA) 4 CUNee2
CUMBAR(LN) = CUMBAR(LM) 4 CUR
COMPUTE THE COVARIANCE BATRIX RECURSIVELY.
1F (LI.Eyu.1) GO TO 535
DO 530 LL=1,L
D0 530 Ln=1,1L
COV {LL,LH)=((LI-2)°COY (L1L,LB) 4 {RPRIBE (LL)/K~XBAR(LL))®
(RPRINE (LM) /K-XBAR (L)) *C) / (LI~ V)
CONPUTE SS.
SS = RINO(TT,BAX0(SS,IT-1))
CONPUTE THE SAMPLE MEAN VECTOR RECURSIVIELI.
DO 540 L1=1%,L
XBAR(LL) = CSXBAR(LL) 4 (1.0D0~C) *RPRINE (LL) /K
COSTINUE

END MAIN LOOP, COMPLETED I NACROREPLICATIONS.

COMNPUTE FRBA3, PRVAR, CUMBAR, AND CUBNVAR DIRECTLY.
Ir (T.NE.1) BEG = (K®¢2,0D0) ¢(1¢92.0D0)®(I-1.0D0)
DO 545 LL=1V,TT

Fig. 1 (Continued)
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IP (1.Ey.1) GO TO S48 00002600
FRVAR(LL) = (ISPRVAR(LL)~PRBAR(LL)**2)/REG 000026 10
CURYAR({LL) = (1eCURVAR(LL)~CUNBAR (LL)*%2)/REG 00002620
sS40 CUBNBAK (LL) = CUMBAR (LL)/(K*I) 00002630
545 FRBAR(LL) = FRBAR(LL)/(K®I) 00002680
00002650
DO S50 LL=1,L 00002660
DO 550 LM=1,1 00002670
$50 COV(LL,LN) = COV(LL, LM} /L 00002680
DO S70 LL=1,L 00002690
I? (XBAP (LL).NE.0) COEPF(LL) = DSQRT(COV (LL,LL))/XBAR(LL) 00002700
1?7 (LL.EQ.1) GO TO 570 00002210
LA = LL41 00002720
DO 560 Ln=LA,l 00002730
IF (COV{LL,LL)*COV (LH,LN).GT.0) 00002740
1 COV (LN, LL) =COV (Li,LN) /DSQRT (COV (LL,LL} *COV (L8, L)) 00002750
560 CONTINUE 00002760
570 CONTINUE 00002770
00002780
C ®ee PRINT RESULIS. 00002790
00002800
SEED = HSEED 00002810
WRITE (3,1000) NP,INLTAL,ABSORB,ALL,L,K,I,ISEED,SEED,SIZE 00002820 ;
1000 PORMAT (141,°KESULTS OF ROTATION SAAPLING POR A BARKOV CHALN®,///, 00002830 ;
1 NO. OF STATES =* 1107/, 00002840
2°  INITIAL STATE =*,10//, 00002850
3*  ABSORBING STATE = 1107/, 00002860
4*  TOTAL NO. OF {I,J) PAIRS = ,110//, 00002870
S*  NO. OF DESCRIPTORS s, 1107/, 00002860
6*  ¥O. OF COBRELATED MICROREPLICATIONS =¢,110//, 00002890
7*  NO. GF INDEPENDENT SACROREPLICATIONS =°,I110//, 00002900
8*  INITIAL SEED =2 1107/, 00002910
9¢  PINAL SEED . =+ ,110//, 00002920
C* BLOCKING FACTOM =*,110/) 00002930
BEWIND 11 00002940
WRITE (3,2000) 00002950
VRITE (3,2030) 00002960
MRITE (3,2040) (KBAR(LL),LL=1,L) 00002970
WRITE (3,2010) 00002980
¥RITE (3,2030) 00002990
WEITE (3,2040) (COEPPF(LL) (LL=1,L) 00003000
WRITE (3,2020) 00003010
WRITE (3,2030) 00003020
DO 580 LL=1,L 000030230
WRITE (3,2085)L1, [COV (L&, LM) ,LA=1,L) 00003040
580 CONTINUE 60003050
2000 PORMAT(//.' SANPLE BEAN VECTOW',/, 00003060
1 ¢ QeSS sSSP OBINISIRM? '/, oooojo"o
2010 PORMAZ(//,% SAMPLE COEFFICIENTS OF VARIATIONS,/, 00003080
b ] 1] “l‘..“...‘.“.‘..‘..‘.......‘.'./) 00003090

= Fig. 1 (Continued) g




2020
2030

2040
2045

610
020

3000
300
3020

3030
4000

'OhHlT(//,' SANPLE COVARIANCE/CORRELATION BATRIX®,/,
¢ S0OEPESBBSRESOOSB000000CO08000SS00O? o/
'03!.1(9! S TG, 2%, 14X, 30 0,000 10X ,%5%, 36X,%6%,14,%Y°,
1 101,'3'.1“1,'9'.//)
PORBAT (2X,9(D15. 8) /)
PORMAT(X2,9(D15.8) /)
re = FP/(K®l)
. PFVAR = PPVAR/(KOI) — FPee2
" DO 620 LL=1,S5S
FHCY = 0 0
CuUncy = 0.0
1F (PRBAR(LL).NE.0.0DO) PRCV=DSQRT (PRVAR(LL))/FERBAR(LL)
1F (CUNBAR(LL).NE.O0.0D0) CURCY=DSQRT (CUMVABR (LL))/CUBBAR(LL)
Ir (MOD(LL,50).NE.1) GO TO 620
WRITE (3,3000)
IF (LL.GT.1) GO TO 610
WRITE (4,3010) FF,PFPVAR
MRITE (J3,3020)
sRITE (J3,3030) LL,PRBAR(LL),PRVAR(LL),PRCY, CONBAR(LL),
1 CURVAR(LL) ,CUNCY
1F (OLD.EY.0) RETURN
LL =1 - OLD
WRITE (3,4000) LL
PORNAT (11, FIRST PASSAGE TLIME (T) DISTRIBUTION',/,
1 L] ..“..‘.‘..'...‘“...‘.‘....‘....‘.')
FORJAAT (/. 1X,*SANPLE MEAN(T) =*,D?5.8,5)X,
| *SANPLE VARIANCE(T) =°,D15.8)
PORMAT {/,33X,*MASS PUNCTION®,42X,°DISTRIBUTION PUNCTION',//.
1 ISX,*VARIANCE® 10X, COEPPICIENT®,
2 31X, VARIANCE? , 10X, *COEPFICIENT?,/,
3 * »10X,*PR(T=I)*, V1X,°OF PR(T=1) °*,9X,°0F VARIATION®,
4 10X, *PR(T<=1)*,10X,*0F PR(T<=I)',9X,°0F VARIATION',
S /. ==, 9, S, 11,0 ',9," )
[ 10X, to=ewme==t 10X,* *.91,¢ *)
PORNAT(* *,I5,6(5X,D15.8))
POSNAT(/,* FL1RST PASSAGE DISTRIBUTION IS BASED ON THE LAST °,

RETURY
END

15,* AACROREPLICATIONS.®)

Fig. 1

-29-

(continued)
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Fig. 2 Input to CHAIN Subprogram

(a) Data Input

VARIABLE TYPE DESCRIPTION
A REAL*4(AS1ZE) A(ALL*(LL-1) + SUMS(J) + R) = reward recefved when
a replication jumps from state J - 1 to state
M(SUMS(J) + R) for R = 1,...,5()) for reward
function LL = 1,2,...,L
ABSORB INTEGER Absorbing state
0 < ABSORB < N + 1
ALL INTEGER Total number of arcs = SUMS(NP) + S(NP)
ASIZE INTEGER ALL*L
I INTEGER Destired number of independent macroreplications
INITAL INTEGER Initial state
0 < INITALs N+ 1
K INTEGER Number of parallel microreplications per
microreplication
INTEGER Total number of reward functfons
] INTEGER(N+1) M(SUM{J) + LR) = LRth of S5(J) states to which a
replication can move from state J - 1|
LR = 1,...,5(J)
NP INTEGER NP = N + 1 = total number of states
OoLD INTEGER If OLD = 0 simulation proceeds to vun [ macro-
replications
If OLD > 0 simulation proceeds to run 1 - OLD
additional macroreplifcations
P REAL*4 (ALL) P(SUM(J) + LR) = probability of moving from state
J-1 to M(SUM(J) + LR) LR = 1,...,S(9)
S INTEGER(N+1) S{J) = number of states that can be entered from
state J -1
SEED INTEGER Inftial value for random number generator
SIZE INTEGER Each call to the random number generator returns a
block of SIZE uniform deviates
(continued)
sl tnng,
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Fig. 2 (Continued)
(2)
VARIABLE TYPE DESCRIPTION
SUMS INTEGER(NP) SuMs(J) = 0 Jd=1
J-1
=] SN J=2,... NP
I=1
kL INTEGER Number of cells in sample first passage time distri-
bution. Last cell estimates probability of absorp-
tion at time 2 TT

(b} Working Arrays

VARIABLE TYPE DESCRIPTION
KPRIME INTEGER(NP) Distribution of microreplications by state at
; end of a transition
KSTAR INTEGER(NP) Distribution of microreplications by state at }
beginning of a transition 1
Q REAL*8(ALL) Q(SUM(J) + LR) = probability of moving from '

state J -~ 1 to state M(Sum{J) + 1),
M(SUM(J) + 2),... or M(SUM(J) + LR

LR = 1,...,5())

RPRIME REAL*8(L) Accumulated rewards for L reward functions

v REAL*4(SIZE) Space to store yniform deviates

(continued)
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Fig. 2 (Continued)

(c)} Arrays Used to Susmarize Data on 1 Macroreplications
VARIABLE TYPE DESCRIPTION
COEFF REAL*8(L) COEFF(J1) = sample coefficient of variation of
XBAR(J1) O1s),...,L
cov REAL*8(L,L) At completion COV(J1, J2) contains the sample
covariance of XBAR(J1) and XBAR(J2) for
J2=J1,...,L and Jisl,...,L and COV{J2,J1) con-
tains the sample correlation between XBAR(J1)
and XBAR(J2) for J1=1,....J2-1 and
J2%2,...,L .
CUNBAR REAL*8(TT) CUMBAR(J1) = sample probability that absorption
occurs on & step s J1 for Ji=1,...,TT - 1;
CUMBAR(TT) = 1
CUMVAR REAL*8(TT) ‘t,:li!l\‘lAR(J'l) = Sample varfance of CUMBAR(J1)
= preey
FF REAL*8 Sample mean of first passage time.
FFVAR REAL*8 Sample variance of first passage time.
FRBAR REAL*8(TT) FRBAR(J1) = sample absorption probability at
step J1 for Jl-l..i..TT -1
FRBAR(TT) = 1 -]  FRBAR(J1)
Jl=}
FRVAR REAL*8(TT) FRVAR(J1) = sample variance of FRBAR(J1)
b peceyp
XBAR REAL*8(L) XBAR(J1) = the sample mean reward for reward
function Ji=l,...,L
- )
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INTEGER 1,J,KPRINE(50) KSTAR(S0),L,K,LL, B (100),H,0P,5(50) . 00000100
SURS(50) ,ALL,INITAL,ABSORB,SIZE,0LD,SEED, TT, ASIZE 00000110

REAL®G A (500) ,LAN,V(40000),V¥ 00000120
REAL®8 COEPP (10) ,COV (10,10),Q(100) , PRINE (10) ,XBAR(10), 00000130
P{100) ,FRVAR(100) ,FRBAR (100) ,CORBAR (100) ,CUNVAR (100) 00000180
00000150

ISITIALIZE VALUES. 00000160
00000170

READ (1,1000) ¥,L,K,LAM,¥,1,ABSORS,1NITAL,SLIZE,TT 00000180
PORAAT (1507013071607 008 10/eP4e 070150/ 0150/01507/0150/415) 00000190
WRLTE (3, 1005) N,L,K,LAM,¥,1,ABSORS,ANITAL,SIZE,TT 00000200
PORMAT (°* N=*,I5,° L=*,I3,°* Ke*,I6, 00000210
¢ LAMEC,F4.1,% Wzt P4 1, J=¢,15,% ABSORB=*,15, 00000220

2 * INITAL=,15,° SIZE=*,15,' TT=9,15) 00000230
NP = N 4 0 00000280
READ (11,3020) SEED 00000250
FORNAT (110) 00000260
POR EACH STATE DETEKMINE THE WURBER OF STATES THAT CAN BZ ENTERED.00000270
s(1 =1 00000280
DO 80 J=2,NP 00000290
Sy = 2 00000300
WRITE(3,1015) (S (J).J=1,NP) 00000310
PORNAT (* S(J) =¢,2015) 00000320
SURS(Y = 0 00000330
ALL = 5(1) 00000340
DO 90 J=l,NP 00000350
SUAS(J) = ALL 00000360
ALL = ALL + S(J9) 00000370
TUE NEXT LKITIALIZATIONS BAY BE RUN SPECIPIC. 00000380
oLD = 0 00000390
DO 100 J=2,¥P 00000400
COMPUTE TBANSITION PROBABILITIES. 000004610
P(SUNS(J)+)) = ¥/ [LAR$ W) 00000420

P (SUNS (J) $2) = LAN/ (LAN4N) 00000430
CONTINUE 00000880
P(1) = 1.0 00000450
WRITE (3,1016) (P(LE),Lk=1,ALL) 00000460
PORRAT (* P(°) =4,2005.2) 00000470
POR EACH STATE J DETERAINE STATES THAT CAN BRK ENTERED. 00000480
DO 400 Js2,N 00000890
A(SURS (J)4V) = -2 00000500
R(SUAS (J)+2) = J 00000510
n(Y) =1 00000520
B(SUAS (NP)$1) = N=1 00000530
B(SUNS (NP)42) = N 00000540
WRITE (3,3017) (Am(LL),LL=1,ALL) 00000550
FOKRAT (* A (®) »*,2015) 00000560
CONPUTE REWAKL VECTOR. 00000570
PO 500 J=1,MP 00000580
A (ALL®24SUAS(J)41) = 0.0 00000590

Fig. 3 Driver Routine for Example
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ALALL®24SUNS (J)+2) = 0.0 00000600
A (ALL®345URS{J)+1) = 0.0 00000610
A(ALL®345UNS (J)+2) = 0.0 00000620 .

A{SUAS (J) +1) = M(SUNS(J)$1) /7 (LANGH) 00000630 ,

A (SURS (J) +2) = B(SUBS (J)42) /7 (LANGY) 00000640 i

A(ALL4SURS (J341) = 1/ (LANEN) 00000650 4

500 A(ALL$SUNS (J)+2) = 1/7(LAN$E) 00000660 -

A{ALLESUNS (2)41) = 1/LAM 00000670 i

A(ALLO2¢41) s 1/(LABEN) 00000680 3

A(ALLO2¢4SUNS () +1) = 1/(LAR$Y) 00000690 i
A(ALL®34SUNS (2) 42) = 1/ (LANEN) 00000700
A(ALL®*34SUNS (8) +1) = 1/ (LABSN) 00000710

. DO 550 LL=1,L . 00000720 1
i WRLTE (3,018} (A(ALL® (LL-1)4LB),LB>1,ALL) 00000730
B 1018 PORMNAT (°* A(*,LL) =¢,2075.2) 00000740
; 590 COMTINUE 00000750
5{ ASIZE = ALLSL 00000760
{3 « 8¢ CALL PARALLEL SIMULATION PROGRAN. 00000770
: CALL CHAIN({K,GLD,},NP,LNITAL,ABSOBB,S,H,SUAS,ALL, P, KPRINE, 00000760
i 1 KSTAE,y,L,AS1ZE, A, PRINE, XBAR,COV,CORPF,TT, FRBAR, 00000790
‘ P PRYAK,CUMBAE,CURVAR, SEED,SIIR, V) 00000800
{ STOP 00000810
; 28D 00000820

Fig. 3 (Continued)
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